The self-assembly of a hydrophobically modified fragment of the amyloid β peptide has been studied in methanol. The peptide FFKLVFF is based on at the N terminus by two phenylalanine residues. The formation of amyloid-type fibrils is confirmed by congo red staining, thioflavin T fluorescence and circular dichroism experiments. FTIR points to the formation of β-sheet structures in solution and in dried films and suggests that aggregation occurs at low concentration and is not strongly affected by further increase in concentration, i.e. the peptide is a strong fibrilformer in methanol. UV fluorescence experiments on unstained peptide and CD point to the importance of aromatic interactions between phenylalanine groups in the aggregation into β-sheets. The CD spectrum differs from that usually observed for β-sheet assemblies formed by larger peptides or proteins and this is discussed for solutions in methanol and also trifluoroethanol. The fibril structure is imaged by transmission electron microscopy and scanning electron microscopy on dried samples and is confirmed by small-angle x-ray scattering experiments in solution.
Introduction
The self-assembly of biological materials is fast becoming a major field of broad interest to researchers in soft matter science. 1 This is motivated by the immense interest in the development of peptide-based biomaterials such as hydrogels, drug delivery agents, templates for inorganic materials synthesis, organogelators etc. The present paper concerns the self-assembly of a novel hydrophobically modified peptide in an organic solvent. It forms part of a program of research aimed firstly at understanding the factors responsible for amyloid fibril formation, and second the development of strategies to hinder amyloid formation by design of short peptide fragments and copolymers that bind to the native peptide and disrupt fibrillisation.
The formation of fibrils is symptomatic of many amyloid diseases such as
Alzheimer's and Creutzfeldt-Jacob disease. 2 Due to its relevance to a diverse number of conditions affecting large numbers of people, fibril formation by the amyloid beta peptide has been widely studied. There are two variants of the amyloid peptide in humans -Aβ(1-40) and Aβ(1-42) of which the latter is believed to be more susceptible to fibrillisation. 3 The fibrillisation of several fragments of Aβ and Aβ(1-42) has been investigated by a number of groups. Early work has been reviewed elsewhere. 4, 5 The results of experimental and modelling work by several groups [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] suggests that sequence Aβ (16) (17) (18) (19) (20) i.e. KLVFF is critical for fibrillisation. This work has recently been reviewed. 19 In this paper, we present results on the fibrillisation of a modified fragment of Aβ , specifically sequence Aβ (16) (17) (18) (19) (20) extended by two hydrophobic residues on the Nterminal side to give FFKLVFF. This was motivated by our efforts to develop a hydrophobic peptide fragment that may act as an organogelator. In addition, we are exploring the role of aromatic interactions on peptide self-assembly through the design of model peptides (future work will include discussion of analogues in which the F residues are replaced by A). Fibrillisation in methanol is confirmed by congo red staining, thioflavin T fluorescence and electron microscopy (SEM and TEM).
Small-angle x-ray and neutron scattering provide additional information on fibril dimensions. The secondary structure of the peptide aggregates is studied by circular dichroism and FTIR spectroscopy. Since FFKLVFF does not dissolve in water and is designed to self-assemble in organic solvents, comparison with KLVFF does not seem meaningful. In addition, as mentioned above, the aqueous self-assembly of KLVFF itself has already been investigated extensively.
Experimental Section
Materials. FFKLVFF (Scheme 1) was synthesized by solid phase methods using other reagents were purchased from Sigma-Aldrich (United Kingdom) and were of the highest purity.
The peptide was synthesized on a 0.25 mmol scale using a fully automated peptide synthesizer (433A Applied Biosystems, United Kingdom) which allowed for direct conductivity monitoring of Fmoc deprotection. Thioflavin T spectroscopic assay. The fluorescence spectroscopy was performed on Perkin Elementar Luminescence spectrometer LS50B in a 1.0 cm quartz cuvette.
Freshly prepared stock solution (ThT 8mg/10 mL PBS pH 7.4) was filtered through a 0.2 µm syringe filter and diluted into the PBS pH 7.4 (1mL to 50 mL). The fluorescence intensity was measured for 1 mL of working solution by excitation at 440nm (slitwidth 5nm) and emission 482 nm (slitwidth 10 nm). 20 The ThT solution was titrated with 15 µL portions of FFKLVFF (0.25% wt) in methanol. The spectra were recorded from 450 to 550 nm, taking twenty averages at room temperature and background subtracted using the ThT spectrum in PBS.
Fluorescence spectroscopy. The FFKLVFF aromatic interaction fluorescence was also studied in a 1.0 cm quartz cuvette. The fluorescence intensity was measured for methanol and methanol with 40 and 120 µL of FFKLVFF (0.0025% wt) in methanol by excitation at 265nm (slitwidth 5nm). The spectra were recorded from 280 to 500 nm, taking twenty averages at room temperature and the background was subtracted.
Small-Angle X-ray Scattering (SAXS). SAXS experiments were performed on beamline ID02 at the European Synchrotron Radiation Facility, Grenoble, France.
Samples were placed in sealed cells (1mm path length) in an O-ring between mica windows. Temperature control was achieved using a Peltier device. A CCD detector was used to collect two-dimensional images which were reduced by radial integration to one-dimensional profiles. The sample-detector distance was 2m. Subtraction of background scattering using an appropriate pure solvent reference was performed for the data presented here.
Results and Discussion

Fibril Formation
Amyloid-type fibril formation by FFKLVFF was confirmed by the classical techniques 19, 20 used to assay amyloid formation, i.e. Congo Red staining (with UVvis aborption spectroscopy and polarized optical microscopy) and ThT fluorescence.
The peptide, being insoluble in water, was dissolved in methanol. For the polarised optical microscopy, a dried film of the methanol solution was used directly. This is indicative of binding of the ThT to the peptide and is consistent with "amyloid" formation. 20 We also performed fluorescence experiments on the peptide alone and found a peak at 311 nm due to aromatic interactions, as shown in Figure 4 .
Secondary Structure
The secondary structure of peptide FFKLVFF was assessed using circular dichroism and Fourier transform infra-red spectroscopies. Since FFKLVFF is insoluble in water, organic solvents were used for subsequent studies. CD spectra obtained in methanol and TFE solutions are shown in Figure 5 . The maximal peptide concentration that could be used was set by the absorbance monitored on the CD spectrometer. The final concentration was greater in TFE than in methanol due to the high absorbance of the alcohol. An additional reason to use low concentrations was to reduce light scattering effects. For the TFE solution this was less of a problem because TFE acts as a strong solvent.
The CD spectrum in TFE shows clearly resolved peaks at 200 nm and 218 nm. A very similar spectrum has recently been reported for a diphenylalanine-based dipeptide 21 and may be characteristic of peptides in which self-assembly is driven by stacking of Phe units. The peak at 200 nm is associated with a π-π* transition and that at 218 nm with a n-π* transition. 21 The CD spectrum obtained for FFKLVFF in methanol seems to be dominated by the maximum at 203 nm, although there is an extended shoulder at higher wavelengths. It is interesting that self-assembly is observed at very low concentrations in methanol, 0.006 wt%. This suggests that the fibril critical aggregation concentration is even lower, and that FFKLVFF is a "strong fibrilliser" in methanol.
The main focus of the FTIR experiments was on the amide I band, which is sensitive to secondary structure. Additional peaks were located in the amide A band at 3275 cm -1 and amide B band at 3087 and 3068 cm -1 . A sharp absorption at 3032 cm -1 was due to stretching vibration from the benzene rings. A peak at 2958 cm -1 was due to the CH 3 vibration. The peak at 2932 cm -1 was assigned to the CH 2 asymmetric stretching bands while the peak at 2874 cm -1 was due to the CH 3 symmetric stretching bands.
The peaks at 1685 and 1623 cm -1 were assigned with the amide I band and the peaks at 1544 and 1457 cm -1 were signed to amide II band. The CN and CO stretching bands correspond respectively to peaks at 1209 and 1144 cm -1 . The peaks in the region 699-839 cm -1 are due to deformation vibration of aromatic side groups 22, 23 FTIR spectra in the amide I region are shown in Figure 6 for solutions with two different concentrations and a dried film. The spectra are quite similar in solution and in the dried film. This suggests that self-assembly has already occurred for concentrations as low as 0.5% peptide and that this is not affected by further increase in methanol concentration, what confirm our earlier study. Moreover, as we know that the fibrils were present in that concentration, we were expecting to interrelate the secondary structure with the fibril formation. The peaks at 1685 and 1623 cm -1 ( Figure 6 ) are associated with a β-sheet structure. 22, 24 The higher frequency peaks are often associated with an antiparallel β-sheet structure, although they could also be due to turns or bends, 25 although this seems unlikely in such a short peptide. The ratio between the two peaks indicates the parallel β -sheet secondary structure. A broad maximum at 1674 suggest turns but can also result from residual TFA left from the HPLC solvent. 26 In summary, CD and FTIR spectroscopies indicate a β-sheet secondary structure in which self-assembly is driven by aromatic interactions between Phe residues.
Self-organisation of FFKLVFF
The structure of FFKLVFF was investigated by TEM and SEM for dried films and by SAXS to probe self-assembly in solution.
As noted above, CD reveals that FFKLVFF forms fibrils at very low concentration.
The formation of fibrils was confirmed directly by TEM. Figure 8c shows an image for a sample (0.5% wt) coated with gold (to improve conductivity) and imaged under conventional high vacuum SEM conditions. The fibrillar structure is better resolved.
The fibril dimensions 33-50 nm are similar to those for the samples measured under low vacuum conditions SAXS experiments were performed to probe the self-assembled structure in solution. [ ] This model describes the data quite well as evident in Figure 9 (the polydispersity in radius is 21%). To describe the data at low q, it is necessary to allow for Guinier-type scattering from larger aggregates with R g = 23.8 nm. A background scattering of the form k.q -c where k and c are constants was also included in the model.
Summary
We have shown that modification of a fragment of the Aβ peptide, via addition of two phenylalanine residues at the N terminus leads to a hydrophobic peptide that fibrillises in organic solvent. The peptide is a strong fibrilliser in methanol with a low critical aggregation concentration, below 0.08 wt%. The combination of circular dichroism and fluorescence experiments suggest that the β-sheet structure self-assembles due to aromatic interactions between phenylalanine residues. The fibrillar structure was imaged by TEM and SAXS performed on solutions confirmed that drying does not significantly influence the tendency to form fibrils. Our results indicate that rational modification of peptide fragments is possible to produce peptides that self-assemble in specific solvents. . SAXS data and model fit described in text.
